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1.  Introduction
The East African Rift System (EARS; see Figure 1), extending from Afar in the north, to the distributed rifts 
of Botswana, Malawi and Mozambique in the south, is the largest tectonically active extensional system that 
displays a significant variation in the depth of earthquakes. With the depth-extent of seismicity providing 
one of the few direct ways to assess the rheological behavior, and crucially, the strength, of the lithosphere, 
observations from East Africa therefore provide a critical insight into the controls on lithospheric rheologi-
cal variation, and the lengthscales at which this may occur.
Over the last few decades, improvements in the depth determination of continental earthquakes have led to 
the recognition that in many places seismicity is confined to the upper crust, down to depths consistent with 
a seismic/aseismic transition at ∼350°C (Chen & Molnar, 1983; Jackson et al., 2008; Maggi et al., 2000). 
However, in certain places, including East Africa, seismicity instead extends deeper, down through much 
of the lower crust, and potentially into the uppermost mantle (Craig et al., 2011, 2012; Devlin et al., 2012; 
Maggi et al., 2000; Schulte-Pelkum et al., 2019; Sloan et al., 2011). Earthquakes at these depths in continen-
tal crust must be occurring in material hotter than 350°C (Deichmann et al., 2000; McKenzie et al., 2005), 
perhaps even as hot as 600°C–650°C, which is similar to the observed cutoff temperature for earthquakes 
in the oceanic mantle (Craig et al., 2014; McKenzie et al., 2005). The occurrence of earthquakes at tempera-
tures of up to ∼600°C at pressures consistent with the lower crust, and at tectonic strain rates, requires that 
at least the lower crust be composed of an anhydrous (and commonly feldspar-dominated) mineralogical 
Abstract The well-established variation in the depth of earthquakes along both branches of the East 
African Rift System offers an opportunity to probe the controls on the depth-extent of seismogenesis, 
and the length-scales over which this may vary. We present an updated compilation of well-determined 
earthquake depths from teleseismic and regional seismic data for the East African Rift System, combined 
with a summary of the depth distribution of smaller-magnitude microseismicity from 13 local network 
deployments. Moderate-to-large magnitude (Mw > 5) earthquakes, unrelated to the movement of 
magmatic fluids, beneath Afar, the Main Ethiopian Rift, and the northernmost sections of the Eastern 
Branch, are confined to the upper crust. Seismicity along the Western Branch, and the southern-most 
sections of the Eastern Branch extends deeper, into the lower crust, in places to depths close to the local 
Moho. Along the Eastern Branch, in northern Tanzania, the transition between these two regimes occurs 
over a distance of ≤40 km, requiring a change to a higher temperature cutoff for the deeper earthquakes; 
an effect that must be compositional in origin. This compositional variation in the lower crust is most 
likely related to the degree of hydration. Earthquakes deep within the lower crust are therefore likely to be 
a proxy for an anhydrous crustal composition.
Plain Language Summary The maximum depth of earthquakes provides a crucial constraint 
on how deep the lithosphere can sustain sufficient stresses to produce brittle failure, rather than 
deforming through slow ductile processes. In East Africa, the maximum depth of earthquakes varies. In 
the northern sections of the East Africa Rift System, earthquakes are confined to the upper crust shallower 
than ∼15 km, but in the southern and western sections of the rift, we observe earthquakes occurring 
much deeper, into the lower crust and potentially the uppermost mantle. This variation, and the short 
distance over which it takes place in Northern Tanzania, indicates that it is controlled by the composition 
of the lower crust, which is likely to be anhydrous where the deeper earthquakes occur.
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composition, rather than a hydrous (and often quartz-dominated) composition as is common for regions 
where seismicity is limited to the upper crust (Albaric et al., 2009, 2010; Mackwell et al., 1998; Muluneh 
et al., 2020). In the context of crustal rheology, we use “hydration” to refer not to the presence or absence of 
free fluids, but rather to the presence or absence of interstitial hydrogen ions (protons) within the mineral 
lattice, commonly derived from the dissociation of a water molecule (Kohlstedt & Hansen, 2015). The pres-
ence of such interstitial defects greatly enhances the rates at which creep processes can occur, resulting in 
significant rheological weakening, lowering the temperature at which earthquakes cease to occur. By con-
trast, free fluids are involved in melt migration in regions of active magmatism, leading to localized strain 
rates that can far exceed tectonic ones, and causing earthquakes to occur at higher temperatures and greater 
depths than the background seismic activity associated with tectonic, but non-magmatic, processes in the 




Figure 1.  Map of the East Africa Rift System (EARS). White lines show national borders. Red lines show recently 
active faults, after Macgregor (2015).
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In East Africa, previous studies have demonstrated that seismicity is confined to the upper crust in Afar, the 
Main Ethiopian Rift, and much of the Eastern Branch through Kenya and into Tanzania, with deeper seis-
micity present along the Western Branch, the southern sections of the Eastern Branch, and across the dis-
tributed branches of the rift system at its southern extent, from Botswana to Madagascar (Craig et al., 2011; 
Foster & Jackson, 1998; Shudofsky et al., 1987; Yang & Chen, 2010). The variation in the maximum depth of 
earthquakes is now well-mapped at a large scale. However, with increasing data coverage, and an increas-
ingly long period of observation coupled with the rapid proliferation of local seismic studies over the last 
decade, we are now able to resolve the small-scale details of the transitions between rheological regimes, 
which have implications for the causes of these changes, and their tectonic significance. Compositional-
ly-based rheological variations affect the geological evolution of deforming regions, controlling not only 
the variations in strain rates, and the distribution in seismicity, but also the scaling of tectonic structures, 
the width of basins, and the scale and geometry of fault systems (e.g., Copley et al., 2014; Scholz & Contre-
ras, 1998), and hence are a first-order control on the evolution of the East Africa Rift System.
2.  Determination of Earthquake Depths
To provide the most comprehensive survey of seismicity in East Africa, we apply two different seismological 
techniques, optimized for earthquakes at different magnitudes, and draw on a wealth of available data from 
previous studies, including teleseismic observation (e.g., Chen & Molnar, 1983; Craig et al., 2011; Foster 
& Jackson, 1998; Shudofsky et al., 1987; Yang & Chen, 2010), and local seismic deployments (e.g., Keir 
et al., 2006; Lavayssière et al., 2019; Weinstein et al., 2017; Young et al., 1991). Our earthquake data set for 
moderate-large magnitude (MW ∼ 5.0–6.5) earthquakes with well-constrained source depths determined by 
teleseismic and regional waveform inversion, which includes results presented here along with the compi-
lation in Craig et al. (2011), totals 260 earthquakes in the area shown in Figures 1 and 2. We also draw on 
the results of 13 local seismic networks (see Section 2.3). In the next sections, we summarize the processing 
approaches and datasets we use.
2.1.  Waveform Inversion of Teleseismic Data
For larger events, of MW = 5.0 and greater, we invert long-period body waves observed at teleseismic distanc-
es (30°–90°) to determine source mechanism, duration and magnitude, and depth. We use the algorithm 
of Zwick et al. (1994) to invert both vertical and transverse component data, over a window spanning the 
respective direct arrival (P and SH) and principal depth phases (pP,sP,sS). The approach taken here is the 
same as that described in detail in Craig et al. (2011), to allow for the compatibility between datasets.
Crucially, this approach represents the most reliable and accurate method available for determining the 
centroid depth of earthquakes where depths are shallow enough, and durations long enough, that the direct 
and depth phases may overlap. As well as yielding accurate focal mechanism and source duration informa-
tion, this approach gives centroid depths with a typical accuracy of ±3 km—sufficient to resolve fine-scale 
variability in seismogenic thickness. In supplementary material, we show example processing results for 
a shallow crustal earthquake beneath Zimbabwe (Figure S1) and a deeper lower crustal earthquake near 
the Tanzania/Uganda border (Figure S2). These two examples illustrate the clear difference in the sepa-
ration between direct arrivals and subsequent depth phases, which is key in accurately determining the 
earthquake source depth. For the shallow example, this separation time is shorter than the duration of the 
earthquake, producing a complex waveform, and leading to significant tradeoffs between the various source 
parameters, particularly depth, moment, and duration. For the deeper event, clear separation can be seen, 
reducing the degree to which these parameters trade off, and allowing us to unambiguously identify this 
earthquake as having occurred at a depth that place it in the lower crust.
Here, we present results from an additional 25 earthquakes occurring between 2013 and 2020 (see Table S1), 










To supplement our results from teleseismic data, we further include the results from regional waveform 
inversion for lower-magnitude events (MW 4.2–5.2). We use the approach of Heimann et al. (2018) to invert 
three-component data from stations within 900 km of each earthquake. We typically invert data over a fre-
quency band of 0.03–0.10 Hz, tailored slightly to best suit each earthquake. The sparsity of seismic stations 
in East Africa limits the data coverage of stations where there is adequate signal-to-noise data for any given 
earthquake. With this restriction, we are only able to add a further 27 earthquakes whose source parameters 
could be robustly determined from regional data. As examples, we show processing results from two earth-
quakes, one shallow event in central Tanzania, and one deeper lower crustal event from beneath Lake Mwe-
ru on the border between Zambia and the Democratic Republic of the Congo, are shown in Figures S3–S12.
The enhanced sensitivity of regional waveform inversions to the variability in the local crustal structure, 
particularly crustal thickness, limits the resolution of such inversions, particularly in terms of the source 
depth. To compensate for this variability, we use an adaptive velocity model in our inversions, based on the 
nearest velocity profile from CRUST2 (Bassin et al., 2000) to the catalog location of the earthquake.
The Bayesian approach of Heimann et al. (2018) also allows for the sampling of the full parameter space 
available in source depth, allowing the potential for multiple minima in the waveform misfit function to be 
assessed, and, in cases, where depth is ambiguous, earthquakes to be discarded.
However, even well-constrained regional waveform inversions are sensitive to velocity structure variations 
along each individual source-receiver path, leading to uncertainties that are highly dependent on the net-
work geometry available for a given earthquake, and are difficult to quantify purely by the waveform misfit. 
In those cases we include here, waveform misfits are tightly constrained (±3 km), but the additional uncer-
tainty from velocity structure makes this an underestimate of the true uncertainty, which is more likely to 
be ∼5–6 km.
In addition to the 27 new earthquakes studied here (see Table S2), we also include two further regional 
mechanisms determined using a similar approach by Ebinger et al. (2019). Earthquakes studied using re-
gional waveform inversion, rather than with teleseismic data, are highlighted on Figure 2a with a white 
outline, and Figures 2c and 2d with a gray outline.
2.3.  Local Seismic Networks
Temporary local networks of seismometers, allowing the detection and location of smaller-magnitude 
earthquakes, have been operating across East Africa since the early 1990s, although, due to the logistical 
requirements, they remain sparse. We compile the results from 13 high-quality seismic surveys, covering 
regions including Afar and the Main Ethiopian Rift (Illsey-Kemp et al., 2018; Keir et al., 2006), the East-
ern Branch through Kenya and Tanzania (Ibs-von Seht et al., 2001; Langston et al., 1998; Mulibo & Ny-
blade, 2016; Weinstein et al., 2017; Young et al., 1991), and the Western Branch from Lake Albert (Linden-
feld et al., 2012a; F. A. Tugume & Nyblade, 2009), through Tanganyika (Lavayssière et al., 2019) and Rukwa 
(Camelbeeck & Iranga, 1996), to northern Malawi (Ebinger et al., 2019; Gaherty et al., 2019): all shown on 
Figure 3.
The location accuracy of these different studies varies, depending on the network coverage and geometry 
used, the location methodology, how well the local velocity structure is known, and the quality control 
applied to the event selection. A full review of the individual accuracies of each network's location is be-




Figure 2.  (a) Well-determined earthquake depths across East Africa. Symbols are shaded by depth, and scaled by earthquake magnitude. Results from 
teleseismic waveform modeling are outlined in black, results from regional waveform modeling are outlined in white. White dashed line indicates the dividing 
line used for Eastern and Western Branches in (c–g). (b) Crustal thickness measurements determined through receiver functions beneath seismic stations in 
East Africa. (c) Cross section showing seismicity and crustal thickness constraints from Afar, the Main Ethiopian Rift, and the Eastern Branch of the EARS. 
Line of section is indicated by the red arrows on (a and b). Horizontal distance is calculated as kilometers south of 20°N. The vertical gray line indicates the 
transition from rifting in continental material, to rifting along the passive margin of East Africa, where the Eastern Branch intersects the Tanzanian coastline 
(∼−10°S). (d) As in (c), but for the Western Branch, and distributed faulting west of the rift. (e–g) Histograms of earthquake depths from Afar and the MER, the 





Figure 3.  Microseismic results from East Africa. Histograms are shown for each deployment network and period, with the relevant study shown on the figure. 
X-axes are normalized with respect to the peak for each network, with the total number written inset. For Ibs-von Seht et al. (2001) and Young et al. (1991), full 
earthquake locations were unavailable, so the map view shows the location of seismic stations within those networks, instead of earthquake locations (denoted 
by triangles, rather than circles).
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sensitivity of the earthquake catalogs we use similarly vary depending on the details of the network and 
processing approach taken. However, the majority of these earthquakes are in the range 1 ≤ Mw ≤ 3.
In a number of cases, the distribution of small-scale seismicity is complicated by the ability of sensitive local 
networks to detect microearthquakes associated with the migration of magmatic fluids through the crustal 
and mantle, a phenomenon capable of producing extremely high strain-rates in the surrounding material, 
which can cause seismicity in material too hot to generate earthquakes at tectonic strain-rates (Illsey-Kemp 
et al., 2018; Lindenfeld et al., 2012b; Oliva et al., 2019), including well into the mantle (Lindenfeld & Rümp-
ker, 2011). Such earthquakes usually form discrete clusters (e.g., Lindenfeld & Rümpker, 2011), or identifi-
able structures related to magmatic fluid movement (e.g., Illsey-Kemp et al., 2018), but can complicate the 
interpretation of the depth distribution of microseismicity in volcanic areas (e.g., Afar, Figure 3).
2.4.  Crustal Structure
Earthquake distributions are affected by spatial variations in temperature and composition. Mapping con-
trasts in internal crustal composition at depth is difficult, but variations in Moho depth can be mapped with 
a high degree of accuracy, especially beneath seismic stations. We compile estimates of crustal thickness 
for East Africa based on receiver-function studies beneath local seismic networks (Figure 2b), including 
data from Ahmed et al. (2013); Borrego et al. (2018); Dugda et al. (2005); Hammond et al. (2011); Hodgson 
et al. (2017); Nguuri et al. (2001); Plasman et al. (2017); Stuart et al. (2006); F. Tugume et al. (2012), and 
Wölbern et al. (2010).
The earthquake and Moho depths shown in Figures 2a and 2b are not determined using a consistent ve-
locity structure, but we estimate that variations in the velocity structure used will account for only small 
(∼3 km) differences in relative depths presented here.
3.  Large-Scale Variations in Seismogenic Thickness
Figure 2 shows the distribution and depth of larger magnitude earthquakes across East Africa, with depths 
determined using teleseismic or regional waveform inversion. Two regimes of seismogenic behavior domi-
nate. In the first, observed beneath Afar, the Main Ethiopian Rift, and the Eastern Branch north of ∼−3.5°S, 
earthquakes are confined to the upper crust, extending to depths of 10–20 km. In the second, observable 
along the Western Branch, the Eastern Branch south of ∼−3°S and southwards through offshore Tanzania 
and Mozambique, and across the distributed rifting at the southern extent of the EARS, earthquakes extend 
throughout the crust, terminating close to the Moho at depths of ∼35–40 km. The variation is clearly shown 
in the two cross sections on Figure 2.
A similar pattern emerges when considering the depth distribution of microseismicity from the various 
dense local networks that have operated in East Africa (Figure 3). Networks along the western branch pre-
dominantly show seismicity extending to greater depths, in excess of 30 km. The exception to this is that 
of Gaherty et al. (2019), whose network in northern Malawi records the aftershock sequence following the 
2009 Karonga earthquakes (Biggs et al., 2010). That this aftershock sequence is limited to the top 15 km of 
the crust, in a region where the depths from both teleseismic and regional observations (Figure 2a), and 
from a co-located local network (Ebinger et al., 2019) show much deeper seismicity down to near the Moho, 
highlights one of the main issues with using short-term local deployments to infer limits on seismogenic 
behavior—that they may not capture the long-term seismogenic picture.
Networks in Ethiopia (Illsey-Kemp et al., 2018; Keir et al., 2006) and around Lakes Magadi and Bogoria in 
the Kenya Rift (northern sections of the Eastern Branch; Ibs-von Seht et al., 2001; Young et al., 1991) show 
earthquakes limited to the top 20 km of the crust (excepting the aforementioned deeper microseismicity 
associated with magmatism and magmatic fluid migration beneath Afar; Illsey-Kemp et  al.,  2018). But 
further south down the Eastern Branch, networks in northern Tanzania, along the east Tanzanian coast 
and in northern Mozambique show seismicity extending considerably deeper into the crust, to depths of 
30–40 km.
As illustrated by the histograms on Figures 2e–2g and 3, whilst earthquakes in the northern parts of the 





in a single vertically continuous layer, with only minimal lateral variation), the picture for the Eastern 
Branch is more complex. Earthquakes deeper than 20 km are concentrated south of −3.5°S, and associated 
with the intersection of the rift system with the margins of the Tanzanian craton (the focus of Section 4), or 
the continuation of the rift down the passive margins of Tanzania and Mozambique, into the Mozambique 
Channel. Given this broadly north-south transition in seismogenic behavior, the Eastern Branch therefore 
offers an opportunity to look at the controls on that transition in finer detail.
We do, however, avoid further discussing data from the coastal and offshore sections of the rift, where it is 
uncertain if the lithosphere is continental or oceanic, and where there are major variations in crustal thick-
ness. Such regions are south of the vertical gray line on Figure 2c, which indicates the transition from the 
rifting of continental material to rifting aligned with the passive margin, where the nature of the crust and 
lithosphere (oceanic, continental, or transitional), is unclear.
4.  Small-Scale Variations in Seismogenic Thickness
The transition between seismogenic regions, shown in the Eastern Branch cross section of Figure  2c is 
shown in greater detail in Figure 4. As the Kenya Rift passes into northern Tanzania past Lake Natron, it 
splits into three distinct strands: the Eyasi rift, trending NE-SW toward western Tanzania, the Manyara rift, 
trending N-S, and the Pangani rift, trending SE toward the Tanzanian coast (see Figure 1). The Eyasi branch 
rapidly terminates as it impinges on the eastern boundary of the Tanzanian craton, whilst distributed defor-
mation associated with the other two branches potentially continues south to the Rungwe triple junction, 
and east to the Tanzanian passive margin, respectively. All three of these rift strands contain lower crustal 
earthquakes based on teleseismic and, in the case of Eyasi and Manyara, local data (Albaric et al., 2010; 
Craig et al., 2011; Foster & Jackson, 1998; Weinstein et al., 2017).
This region, the North Tanzanian Divergence (NTD), shown on Figure 4, is a transitional region in several 
senses. First, it marks the end of the Eastern Branch as a single localized rift. It also marks the southernmost 
extent of major contemporary volcanism associated with rifting along the Eastern Branch. Geologically, 
the region spans both the Neoproterozoic East African Orogen mobile belt in the north and east, and the 
Paleo-Mesoarchean Tanzanian craton in the west. This region coincides with a change in lithospheric thick-
ness, as determined from both surface-wave tomography (Priestley et al., 2018, black contours, Figure 4a) 
and from mantle-xenolith thermobarometry (Conticelli et al., 1999; Gibson et al., 2013; Henjes-Kunst & 
Altherr, 1992; Figures 4a and 4b). To the north, both surface-wave and Kenyan xenolith data indicate litho-
sphere thinner than 100 km.
The NTD also shows a rapid transition in seismogenic thickness (see Figure 4). Beneath the Natron rift, 
north of ∼−3.5°S, larger-magnitude earthquakes are limited to depths of ≤15 km, and microseismicity to 
depths of ≤20 km (Weinstein et al., 2017). But south of −3.5°S, earthquakes in all three branches of the 
rift extend much deeper into the crust, to depths of 35–40 km. The slight discrepancy between the depth 
of larger-magnitude seismicity and microseismicity beneath the Natron section of the rift (∼100–250 km 
distance on Figure 4c) has been attributed to microearthquakes in high-strain-rate regions around the edges 
of magmatic bodies in the mid crust beneath the rift (Oliva et al., 2019; Weinstein et al., 2017).
The transition in seismogenic thickness takes place over a horizontal distance of only 20–40 km. Such a 
rapid transition is inconsistent with a single cutoff temperature for seismicity, as it would require a lateral 
temperature gradient similar to the vertical geothermal gradient, a scenario which would be impossible to 
sustain for any length of time. Instead, this presents another argument that the dominant control on the 
temperature at which seismicity ceases must be compositional, probably characterized by discontinuities 
rather than gradients, which allows sharp changes in seismogenic thickness and hence in bulk rheology, to 
be maintained over geological timescales. Geological or structural observation of such rheological discon-
tinuities is extremely difficult, due to the paucity of lower crustal exposure. However, recent work on the 
Musgrave Ranges of central Australia also offers evidence for the direct juxtaposition of a brittlely deformed, 
pseudotachylite-hosting, anhydrous granulite crustal block overlying a significantly more hydrous footwall 
block, separated by a strongly mylonitized ductile shear zone concentrated in the more hydrous material 





As stated in our introduction, in this study we have excluded the consideration of seismicity clearly repre-
senting the brittle failure of high-temperature material driven by the high-strain-rate deformation associat-
ed with the migration of magmatic fluids (Illsey-Kemp et al., 2018; Keir et al., 2009; Lindenfeld et al., 2012a; 
Oliva et al., 2019). However, we should not neglect that, despite the link between high-temperature, low-




Figure 4.  (a) Seismicity around the North Tanzanian Divergence. Diamond symbols (black, green, blue, yellow, and orange) shown the location of mantle 
xenoliths suites, also plotted on (b). Black contours show seismological estimates of the lithospheric thickness from the surface-wave tomography model of 
Priestley et al. (2018), which has a horizontal resolution of ∼200 km. Dashed white line indicates the eastern boundary of the Archean Tanzanian craton (after 
Katumwehe et al., 2015). (b) Pressure-temperature constraints from East African mantle xenoliths suites. Data points are colored to match the locations shown 
by diamonds of the same color on (a). Lines in black shown theoretical steady-state geotherms, using the same crustal parameters, varying only lithospheric 
thickness between 75 and 200 km. Horizontal gray bars highlight the variation in the depth of the 350° isotherm (light gray) and the 600° (dark gray) isotherm 
between these five theoretical geotherms. (c) Cross section along the line X-Y shown in (a). Seismicity and microseismicity are colored by depth, projected from 
within 200 km of the projection line. Receiver function estimates of the crustal thickness are shown by green bars.
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seismicity, even at low-strain rates. Pseudotachylites in exposed anhy-
drous lower crustal sections (e.g., western Norway (Austrheim & Boun-
dy, 1994; Menegon et al., 2017), central Australia (Wex et al., 2018)) show 
evidence for fluid penetration into the anhydrous crust concurrent with 
brittle failure, shear-melting, and implied seismogenesis, and may poten-
tially lead to progressive transformation of the mineralogy in close prox-
imity to the rupture plane (Jamtveit et al., 2018). But to continue to host 
high-temperature brittle failure, rather the deforming through ductile 
processes, the bulk mineralogy of the surrounding crustal material must 
remain unaltered, anhydrous, and granulitic. Hence, whilst seismicity in 
a strong lower crust may indicate the presence of intracrustal free fluids, 
it must also indicate the continued persistence of a bulk lower crustal 
rheology dominated by strong anhydrous crustal material.
In the case of northern Tanzania, Albaric et al. (2014) ascribed swarm-like 
microseismic observations from this area to fluid migration. Given the ac-
tive magmatism of the area (e.g., Biggs et al., 2009; Wadge et al., 2016), 
the presence of crustal fluids, and microseismicity related to their migra-
tion, is not surprising. But the larger-scale seismicity that forms the focus 
of this study will not be related to intracrustal melt migration, and must 
reflect the bulk crustal rheology.
5.  Seismicity Into the Mantle?
Earthquakes in the continental mantle are rare. A few isolated events in 
apparently stable continental interiors are too sparse to draw any generic 
conclusions on their context or controls on their depths (Craig & Heyburn, 2015; Sloan & Jackson, 2012). 
Some earthquakes in the northernmost Indian shield where it underthrusts Nepal and southern Tibet oc-
cur to a depth of 15–20 below the Moho (Schulte-Pelkum et al., 2019). However, this is likely also to be the 
depth of the 600°C–650°C isotherm in the Indian lithospheric mantle, which is unusually cold because 
of the thick lithosphere and relatively thin Precambrian crust of north India (Craig et al., 2020; Priestley 
et al., 2008). The same explanation is likely for an earthquake at 65 km depth on the northern continental 
margin of Australia in the Arafura Sea (Sloan & Jackson, 2012). In neither place is there reason to think that 
the mantle is seismogenic at a temperature above the 600°C–650°C cutoff seen in the oceans.
In the case of East Africa, different studies have argued for both the presence (Yang & Chen, 2010) and 
absence (Craig et al., 2011) of earthquakes in the uppermost mantle, beneath the seismogenic lower crust. 
In Figure 5, we plot the difference, for each earthquake, between the centroid depth and nearest estimate 
of the Moho depth from a receiver function, against the lateral distance separating the earthquake and the 
seismic station from which that receiver function derives. Negative values (highlighted in red) therefore in-
dicate earthquakes that likely lie in the mantle. Despite the expansion of seismic deployments across Africa 
that have been used for detailed studies of the crustal structure (Figure 2b), over 50% of the earthquakes 
for which we have accurate centroid depths are further than 100 km from the nearest receiver-function 
estimate of crustal thickness. The total extension due to the modern rifting south of the Main Ethiopian 
Rift (MER) is small, and unlikely to have modified the pre-rift crustal thickness significantly. Nonetheless, 
Figure 2b demonstrates that there is substantial variability in crustal thickness on the ∼100 km scale.
Of the 260 earthquakes considered here, only four are estimated to be deeper than their closest Moho depth 
constraint (highlighted in red on Figure 5), and only two of these are within 100 km of that estimate. The 
depths of these two earthquakes exceed the closest Moho estimate by only 3 and 1 km. Allowing for the 
uncertainties in both earthquakes and Moho, whether these earthquakes are indeed within the uppermost 
mantle remains unresolvable without a detailed re-examination of both earthquake and crustal data in a 
consistent velocity structure (e.g., Schulte-Pelkum et al., 2019).
Given that the expected cutoff temperature of earthquakes in anhydrous crustal and mantle material is 




Figure 5.  Depth of every well-determined earthquake centroid relative 
to the nearest receiver function estimate for the Moho, against the lateral 
distance between the centroid, and the seismic station used for that 
receiver function. All earthquakes shown on Figure 2a are included. 
Earthquakes with negative values (indicating centroids below the nearest 
Moho estimate), are highlighted with a red outline.
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not unexpected, and has been reported in other regions (e.g., Craig et  al.,  2012; Monsalve et  al.,  2006; 
Schulte-Pelkum et al., 2019). But, between Figures 2c, 2d, and 5, we do not see any significant increase in 
seismicity associated with proximity to the Moho, nor do we see an identifiable aseismic gap between any 
potential mantle seismicity and seismicity at shallower depths in the crust. Irrespective of whether seis-
micity extends slightly into the uppermost mantle, East Africa fits the global pattern of seismicity that is 
confined to a single continuous layer (except in cases far from thermal steady state, like the underthrusting 
of India beneath Tibet; see Craig et al., 2012, 2020), even when considering lateral variations that occur on 
the scale seen in Northern Tanzania (Figure 4).
6.  Discussion
The behavior of lower crustal materials (Austrheim & Boundy,  1994; Mackwell et  al.,  1998; Menegon 
et al., 2017; Moecher & Steltenpohl, 2011) with dry granulite compositions indicates they are likely to be 
seismogenic to temperatures of about 650°C ± 50°C, similar to the observed cutoff temperature of earth-
quakes in the oceanic mantle (Craig et al., 2014; McKenzie et al., 2005). Thus, in places with anhydrous 
lower crust where the Moho is close to 600°C, the cutoff depth of seismicity is likely to follow moderate 
variations in the temperature structure, rather than in crustal thickness.
The transition in seismogenic thickness in northern Tanzania, as with those observed at larger scale across 
the rest of East Africa, and globally (Craig et al., 2011; Jackson et al., 2021; Sloan et al., 2011), is coincident 
with an increase in lithospheric thickness (see Figure 4) imaged using both geophysical and petrological 
data, and therefore coincides with a change in the thermal structure on the same scale. We therefore assess 
whether the change in temperature structure is itself sufficient to account for the observed change in seis-
mogenic thickness.
In Figure 4b, we show a set of theoretical geotherms calculated with variable lithospheric thicknesses be-
tween 75 and 200 km, using the approach outlined in Craig et al. (2012, 2020). The crustal structure (both 
thickness and the distribution of radiogenic elements) in each case is kept the same, changing only the 
depth to the base of the lithosphere. The two horizontal bars show the resulting variation in the depth of 
350°C (light gray) and 600°C (dark gray) isotherms. We note that these calculations ignore the effect of a 
convective thermal boundary layer at the base of the lithosphere, which would smooth the transition from a 
conductive lithospheric geotherm to the adiabatic convective mantle. This simplification has minimal effect 
on the thermal structure in the upper half of the lithosphere, and makes no difference to our interpretation.
Changing only the lithosphere thickness changes the depth of the 350°C isotherm by less than 7 km: insuf-
ficient to explain the variation in the seismogenic cutoff depth in East Africa if it is controlled solely by that 
temperature. Forcing temperatures colder than 350°C to depths greater than 20 km requires both extremely 
thick lithosphere and very low crustal radioactivity, and would result in extremely low surface heat flow. 
Additionally, as pointed out by McKenzie et al. (2005), the extension of seismicity into the lower crust, were 
it to be related only to a colder thermal structure, and a greater depth of the 350°C isotherm, should be ac-
companied by widespread seismicity in the colder uppermost mantle, for which we find no evidence in East 
Africa, reinforcing the point that seismicity in the lower crust must be occurring in material substantially 
hotter than the usual ∼350°C upper-crustal cutoff temperature. Significantly more variability is seen in the 
depth of the 600°C isotherm in Figure 4b, with lithospheric thickness variations alone able to produce var-
iations of up to ∼20 km. But similarly, forcing the 600°C isotherm to depths of 10–15 km, consistent with 
the upper crustal earthquake cutoff in the northern sections of the rift, would require an extremely thin 
lithosphere, and an extremely radiogenic crust. Finally, if the depth limit of earthquakes was defined by 
the same temperature across all of the Northern Tanzania, the short lengthscale over which we observe the 
variations shown in Figure 4c, and the sharpness of the transition between regimes, would require a lateral 
temperature gradient within the crust that would be extremely difficult to sustain over tectonic timescales.
Therefore, the temperature structure associated with the variation in lithosphere thickness alone, given the 
relatively small changes in the accompanying measurements of crustal thickness, cannot be responsible 
for the observed change in seismogenic thickness in East Africa. The deeper earthquakes in the lower crust 
must occur in material that is hotter than the normal cutoff temperature of ∼350° which in turn requires 





elastic thickness (Maggi et al., 2000), will change the bulk crustal rheology and also the details of the ther-
mal structure, through alterations in its conductive properties, and its internal heat production. These vari-
ations in thermal structure resulting from conductivity and heat-production contrasts are hard to quantify, 
but their effects on rheology and mechanical strength are likely to be minor compared to the effect of water 
content. They are unlikely to produce significant variations in the depth of the 350°C isotherm, and would 
certainly be insufficient to perturb that isotherm enough for it to account for all the observed variation in 
seismogenic thickness.
We therefore conclude that, whilst the change in maximum earthquake depth observed in northern Tanza-
nia is roughly coincident with an increase in lithosphere thickness, that increase alone cannot be directly 
responsible for the observed change in seismogenic thickness. On its own it is incapable of producing the 
magnitude of the variation seen, and would lead to smoother lateral variations in seismogenic thickness 
than are seen in Northern Tanzania. The short lateral distance over which the change in seismogenic thick-
ness occurs indicates its compositional origin, and the thermal influence of a thick lithospheric root plays a 
secondary control. The correspondence between increased seismogenic and lithospheric thickness is likely 
to lie in the common mechanism behind the creation of both an anhydrous lower crust, and of a stable 
thickened (and most likely depleted) lithosphere during previous orogenic cycles (e.g., McKenzie & Priest-
ley, 2016; Priestley, 2008), and therefore is correlative, rather than directly causative.
The sharpness of a compositional boundary is probably accompanied by a significant rheological contrast 
that will have an effect on the tectonic evolution of the region. With the requirement at plate scale for a 
spatially continuous distribution of strain, any sharp boundaries in rheology are likely to lead to complex 
localized deformation, as seen in both the North Tanzanian Divergence, with the sudden fragmentation 
of the rift system, and in Uganda at the northern end of the Western Branch, with the sharp junction of 
normal-faulting and strike-slip faulting, as seen in the 1990/1991 Sudan earthquakes (Gaulon et al., 1992), 
where the Western Branch is truncated against the relict Aswa shear zone.
It is also important to note that the change in seismogenic thickness in northern Tanzania, although still 
poorly mapped out due to the limited seismicity available, trends roughly WNW-ESE, whereas the mapped 
edge of the surface outcrop of the Tanzanian craton in this location runs roughly NNW-SSE (Figure 4a). 
The two are broadly coincident, with all regions within the Tanzanian craton itself indicating lower crustal 
seismicity, but the finer details of the compositional transition at depth may not precisely match the sur-
face outcrop of the craton. However, the established correspondence between lower-crustal seismicity and 
crustal composition offers the opportunity, as the resolution and coverage of seismicity catalogs inevitably 
increase, to map the composition of the unexposed lower crust using seismicity.
Data from East Africa fit the global pattern of seismicity confined to a single vertically contiguous layer, 
rather than a laminated multi-layer system. However, we note the potential for a particular niche rheologi-
cal case to exist, where the lower crust is hydrous and aseismic, but where the crust is sufficiently thin, and 
the lithosphere sufficiently thick, to leave the upper mantle cold enough to be seismogenic below an aseis-
mic lower crust. This would produce a vertically layered system, with two potentially seismogenic layers 
separated by an aseismic lower crust. However, such a situation has yet to be observed in any continental 
region close to thermal steady-state.
7.  Conclusions
Seismogenic thickness along the EARS varies. Larger-magnitude earthquakes are limited to the upper crust 
in Afar, the Main Ethiopian Rift, and the northern sections of the Eastern Branch, south to the North Tanza-
nian Divergence. Along the entire Western Branch from Sudan to Mozambique, and along the southern sec-
tions of the Eastern Branch (from the North Tanzanian Divergence southwards), seismicity extends into the 
lower crust, close to the Moho, and potentially into the very uppermost mantle. In Northern Tanzania, the 
transition between these two regimes takes place over ≤40 km. Whilst regions with increased seismogenic 
thickness broadly correspond (in East Africa and globally) with regions of thicker continental lithosphere, 
the lengthscales over which substantial changes in seismogenic thickness can take place demonstrate that 





imposed by varying lithospheric thickness acting as a secondary modifier. A consequence of this is that low-
er crustal earthquakes are likely to be proxy indicators of anhydrous lower-crustal compositions.
Data Availability Statement
Seismic data used in this study were retrieved from the Incorporated Research Institutions for Seismolo-
gy (IRIS) Data Management Centre, principally utilizing the networks II (doi.org/10.7914/SN/II), IU (doi.
org/10.7914/SN/IU), GE (doi.org/10.14470/TR560404), CN (doi.org/10.7914/SN/CN), XJ (doi.org/10.7914/
SN/XJ-2013), 1C (doi.org/10.7914/SN/1C-2011), YY (doi.org/10.7914/SN/YY-2013). We are also indebted 
to the numerous people who have helped in the deployment, collection, and processing of data from local 
seismic networks in East Africa, as referenced in the text.
References
Ahmed, A., Tiberi, C., Leroy, S., Stuart, G., Keir, D., Sholam, J., et al. (2013). Crustal structure of the rifted volcanic margins and uplifted 
plateau of Western Yemen from receiver function analysis. Geophysical Journal International, 193, 1673–1690. https://doi.org/10.1093/
gji/ggt072
Albaric, J., Déverchère, J., Perrot, J., Jakovlev, A., & Deschamps, A. (2014). Deep crustal earthquakes in North Tanzania, East Africa: 
Interplay between tectonic and magmatic processes in an incipient rift. Geochemistry, Geophysics, Geosystems, 15, 374–394. https://doi.
org/10.1002/2013GC005027
Albaric, J., Deverchere, J., Petit, C., Perrot, J., & Le Gall, B. (2009). Crustal rheology and depth distribution of earthquakes: Insights from 
the central and southern East African Rift System. Tectonophysics, 468, 28–41. https://doi.org/10.1016/j.tecto.2008.05.021
Albaric, J., Perrot, J., Déverchère, J., Deschamps, A., Le Gall, D., Ferdinand, R. W., et al. (2010). Contrasted seismogenic and rheological be-
haviors from shallow and deep earthquake sequences in the North Tanzanian Divergence, East Africa. Journal of African Earth Sciences, 
58, 799–811. https://doi.org/10.1016/j.jafrearsci.2009.09.005
Austrheim, H., & Boundy, T. (1994). Pseudotachylytes generated during seismic faulting and eclogization of the deep Crust. Science, 265, 
82–83. https://doi.org/10.1126/science.265.5168.82
Bassin, C., Laske, G., & Masters, G. (2000). The current resolution for surface wave tomography in North America, EOS Transactions AGU.
Biggs, J., Amelung, F., Gourmelen, N., Dixon, T. H., & Kim, S.-W. (2009). InSAR observations of 2007 Tanzania rifting episode re-
veal mixed fault and dyke extension in an immature continental rift. Geophysical Journal International, 179, 549–558. https://doi.
org/10.1111/j.1365-246X.2009.04262.x
Biggs, J., Nissen, E., Craig, T., Jackson, J., & Robinson, D. P. (2010). Breaking up the hanging wall of a rift-border fault: The 2009 Karonga 
earthquakes, Malawi. Geophysical Research Letters, 37. https://doi.org/10.1029/2010GL043179
Borrego, D., Nyblade, A., Accardo, N., Gaherty, J., Ebinger, C., Shillington, D., et al. (2018). Crustal structure surrounding the northern 
Malawi rift and beneath the Rungwe Volcanic Province, East Africa. Geophysical Journal International, 215, 1410–1426. https://doi.
org/10.1093/gji/ggy331
Camelbeeck, T., & Iranga, M. D. (1996). Deep crustal earthquakes and active faults along the Rukwa trough, eastern Africa. Geophysical 
Journal International, 124, 612–630. https://doi.org/10.1111/j.1365-246X.1996.tb07040.x
Chen, W.-P., & Molnar, P. (1983). Focal depths of intracontinental and intraplate earthquakes and their implications for the thermal and 
mechanical properties of the lithosphere. Journal of Geophysical Research, 88, 4183–4214. https://doi.org/10.1029/JB088iB05p04183
Conticelli, S., Sintoni, M., Abede, T., Mazzarini, F., & Manetti, P. (1999). Petrology and Geochemistry of Ultramafic Xenoliths and Host 
Lavas from the Ethiopian Volcanic Province: An insight into the Upper Mantle under Eastern Africa. Acta Vulcanologica, 11, 143–159. 
https://doi.org/10.1016/j.jafrearsci.2019.03.019
Copley, A., Mitra, S., Sloan, R., Gaonkar, S., & Reynolds, K. (2014). Active faulting in apparently stable peninsular India: Rift inver-
sion and a Holocene-age great earthquake on the Tapti Fault’. Journal of Geophysical Research, 119, 6650–6666. https://doi.
org/10.1002/2014JB011294
Craig, T. J., Copley, A., & Jackson, J. (2012). Thermal and tectonic consequences of India underthrusting Tibet. Earth and Planetary Science 
Letters, 353–354, 231–239. https://doi.org/10.1016/j.epsl.2012.07.010
Craig, T. J., Copley, A., & Jackson, J. (2014). A reassessment of outer-rise seismicity and its implications for the mechanics of oceanic lith-
osphere. Geophysical Journal International, 197, 63–89. https://doi.org/10.1093/gji/ggu013
Craig, T. J., & Heyburn, R. (2015). An enigmatic earthquake in the continental mantle lithosphere of stable North America. Earth and 
Planetary Science Letters, 425, 12–23. https://doi.org/10.1016/j.epsl.2015.05.048
Craig, T. J., Jackson, J. A., Priestley, K., & MKenzie, D. (2011). Earthquake distribution patterns in Africa: Their relationship to variations 
in lithospheric and geological structure, and their rheological implications. Geophysical Journal International, 185, 403–434. https://
doi.org/10.1111/j.1365-246X.2011.04950.x
Craig, T. J., Kelemen, P., Hacker, B., & Copley, A. (2020). Reconciling geophysical and petrological estimates for the thermal structure of 
southern Tibet. Geochemistry, Geophysics, Geosystems, 21. https://doi.org/10.1029/2019GC008837
Deichmann, N., Baer, M., Braunmiller, J., Dolfin, D., Bay, F., Delouis, B., et al. (2000). Earthquakes in Switzerland and surrounding regions 
during 1999. Eclogae Geologicae Helvetiae, 93, 395–406. https://doi.org/10.1007/s00015-015-0204-1
Devlin, S., Isacks, B. L., Pritchard, M. E., Barnhart, W. D., & Lohman, R. B. (2012). Depths and focal mechanisms of crustal earthquakes 
in the central Andes determined from teleseismic waveform analysis and InSAR. Tectonics, 31. https://doi.org/10.1029/2011TC002914
Dugda, M. T., Nyblade, A. A., Julia, J., Langston, C. A., Ammon, C. J., & Simiyu, S. (2005). Crustal structure in Ethiopia and Kenya 
from receiver function analysis: Implications for rift development in eastern Africa. Journal of Geophysical Research, 110. https://doi.
org/10.1029/2004JB003065
Ebinger, C., Oliva, S., Pham, T.-Q., Peterson, K., Chindandali, P., Illsey-Kemp, F., et al. (2019). Kinematics of active deformation in the Malawi 





T. J. Craig was supported in this work 
by the Royal Society under URF\
R1\180,088. Both authors were also 
supported through COMET, the UK 
Natural Environment Research Coun-
cil's Centre for the Observation and 
Modeling of Earthquakes, Volcanoes, 
and Tectonics. Elements of this work 
were undertaken on ARC4, part of the 
High Performance Computing facilities 
at the University of Leeds, UK. We 
particularly thank Derek Keir, Cindy 
Ebinger, and Mike Lindenfeld, for their 
assistance with their respective seis-
micity catalogs, and Luke Wedmore for 
his help with active fault databases. We 
thank Dan McKenzie and Alex Copley 
for their comments on an initial version 
of this manuscript. Lastly, we thank 
the editor, associate editor, Derek Keir, 
and two anonymous reviewers for their 
comments, which have helped improve 
this manuscript.
Journal of Geophysical Research: Solid Earth
Foster, A. N., & Jackson, J. A. (1998). Source parameters of large African earthquakes: implications for crustal rheology and regional kine-
matics. Geophysical Journal International, 134, 422–448. https://doi.org/10.1046/j.1365-246x.1998.00568.x
Gaherty, J., Zheng, W., Shillington, D., Pritchard, M., Henderson, S., Chindandali, P., et al. (2019). Faulting processes during early-stage 
rifting: Seismic and geodetic analysis of the 2009–2010 Northern Malawi earthquake sequence. Geophysical Journal International, 217, 
1767–1782. https://doi.org/10.1093/gji/ggz119
Gaulon, R., Chorowicz, J., Vidal, G., Romanowicz, B., & Roult, G. (1992). Regional geodynamic implications of the May–July 1990 earth-
quake sequence in southern Sudan. Tectonophysics, 209, 87–103. https://doi.org/10.1016/0040-1951(92)90012-U
Gibson, S., McMahon, S., Dat, J., & Dawson, J. (2013). Highly Refractory Lithospheric Mantle beneath the Tanzanian Craton: Evidence 
from Lashaine Pre-metasomatic Garnet-bearing Peridotites. Journal of Petrology, 54, 1503–1546. https://doi.org/10.1093/petrology/
egt020
Hammond, J., Kendall, J.-M., Stuart, G., Keir, D., Ebinger, C., Ayele, A., & Belachew, M. (2011). The nature of the crust beneath the Afar 
triple junction Evidence from receiver function. Geochemistry, Geophysics, Geosystems, 12. https://doi.org/10.1029/2011GC003738
Heimann, S., Isken, M., Kühn, D., Sudhaus, H., Steinberg, A., Vasyura-Bathke, H., et al. (2018). Grond - A probabilistic earthquake source 
inversion framework. EGU General Assembly Conference Abstracts. Retrieved from http://pyrocko.org/grond/docs/current/10.5880/
GFZ.2.1.2018.003
Henjes-Kunst, F., & Altherr, R. (1992). Metamorphic Petrology of Xenoliths from Kenya and Northern Tanzania and Implications for Geo-
therms and Lithospheric Structures. Journal of Petrology, 33, 1125–1156. https://doi.org/10.1093/petrology/33.5.1125
Hodgson, I., Illsey-Kemp, F., Gallacher, R., Keir, D., Ebinger, C., & Mtelela, K. (2017). Crustal structure at a young continental rift: A receiv-
er function study from the Tanganyika Rift. Tectonics, 36, 2806–2822. https://doi.org/10.1002/2017TC004477
Ibs-von Seht, M., Blumenstein, S., Wagner, R., Hollnack, D., & Wohlenberg, J. (2001). Seismicity, seismotectonics and crustal struc-
ture of the southern Kenya Rift - new data from the Lake Magadi area. Geophysical Journal International, 146, 439–453. https://doi.
org/10.1046/j.0956-540X.2001.01464.x
Illsey-Kemp, F., Keir, D., Bull, J., Gernon, T. M., Ebinger, C., Ayele, A., et al. (2018). Seismicity during continental breakup in the Red Sea 
rift of the Northern Afar. Journal of Geophysical Research, 123, 2345–2362. https://doi.org/10.1002/2017JB014902
Jackson, J., McKenzie, D., & Priestley, K. (2021). Relations between earthquake distributions, geological history, tectonics and rheology on 
the continents. Philosophical Transactions of the Royal Society A, 379. https://doi.org/10.1098/rsta.2019.0412
Jackson, J., McKenzie, D., Priestley, K., & Emmerson, B. (2008). New views on the structure and rheology of the lithosphere. Journal of the 
Geological Society, 165, 453–465. https://doi.org/10.1144/0016-76492007-109
Jamtveit, B., Ben-Zion, Y., Renard, F., & Austrheim, H. (2018). Earthquake-induced transformation of the lower crust. Nature, 556, 487–
491. https://doi.org/10.1038/s41586-018-0045-y
Katumwehe, A., Abdelsalam, M., & Atekwana, E. (2015). The role of pre-existing Precambrian structures in rift evolution: The Albertine 
and Rhino grabens, Uganda. Tectonophysics, 646, 117–129. https://doi.org/10.1016/j.tecto.2015.01.022
Keir, D., Bastow, I. D., Whaler, K. A., Daly, E., Cornwall, D. G., & Hautot, S. (2009). Lower crustal earthquakes near the Ethiopian rift 
induced by magmatic processes. Geochemistry, Geophysics, Geosystems, 10. https://doi.org/10.1029/2009GC002382
Keir, D., Ebinger, C. J., Stuart, G. W., Daly, E., & Ayele, A. (2006). Strain accomodation by magmatism and faulting as rifting proceeds to 
breakup: Seismicity of the northern Ethiopian rift. Journal of Geophysical Research, 111. https://doi.org/10.1029/2005JB003748
Kohlstedt, D., & Hansen, L. (2015). Constitutive equations, rheological behavior and viscosity of rocks. Treatise on Geophysics, 2, 441–472. 
https://doi.org/10.1016/B978-0-444-53802-4.00042-7
Langston, C., Brazier, R., Nyblade, A., & Owens, T. (1998). Local magnitude scale and seismicity rate for Tanzania, East Africa. Bulletin of 
the Seismological Society of America, 88, 712–721.
Lavayssière, A., Drooff, C., Ebinger, C., Gallacher, R., Illsey-Kemp, F., Oliva, S., & Keir, D. (2019). Depth Extent and Kinematics of Faulting 
in the Southern Tanganyika Rift, Africa. Tectonics, 38, 842–862. https://doi.org/10.1029/2018TC005379
Lindenfeld, M., & Rümpker, G. (2011). Detection of mantle earthquakes beneath the East African Rift. Geophysical Journal International, 
186, 1–5. https://doi.org/10.1111/j.1365-246X2011.05048.x
Lindenfeld, M., Rümpker, G., Batte, A., & Schumann, A. (2012a). Seismicity from February 2006 to September 2007 at the Ruwenzori 
Mountains, East African Rift: Earthquake distribution, magnitudes and source mechanisms. Solid Earth, 3, 251–264. https://doi.
org/10.5194/se-3-251-2012
Lindenfeld, M., Rümpker, G., Link, K., Koehn, D., & Batter, A. (2012b). Fluid-triggered earthquake swarms in the Rwenzori region, East 
African rift - Evidence for rift initiation. Tectonophysics, 566–567, 95–104. https://doi.org/10.1016/j.tecto.2012.07.010
Macgregor, D. (2015). History of the development of the East African Rift System: A series of interpreted maps through time. Journal of 
African Earth Sciences, 101, 232–252. https://doi.org/10.1016/j.jafrearsci.2014.09.016
Mackwell, S. J., Zimmerman, M., & Kohlstedt, D. (1998). High-temperature deformation of dry diabase with application to tectonics on 
Venus. Journal of Geophysical Research, 103, 975–984. https://doi.org/10.1029/97JB02671
Maggi, A., Jackson, J. A., McKenzie, D., & Priestley, K. (2000). Earthquake focal depths, effective elastic thickness, and the strength of the 
continental lithosphere. Geology, 28, 495–498. https://doi.org/10.1130/0091-7613(2000)28%3C495:EFDEET%3E2.0.CO;2
McKenzie, D., Jackson, J., & Priestley, K. (2005). Thermal structure of oceanic and continental lithosphere. Earth and Planetary Science 
Letters, 233, 337–349. https://doi.org/10.1016/j.epsl.2005.02.005
McKenzie, D., & Priestley, K. (2008). The influence of lithospheric thickness variations on continental evolution. Lithos, 102, 1–11. https://
doi.org/10.1016/j.lithos.2007.05.005
McKenzie, D., & Priestley, K. (2016). Speculations on the formation of cratons and cratonic basins. Earth and Planetary Sciences, 435, 
94–104. https://doi.org/10.1016/j.epsl.2015.12.010
Menegon, L., Pennacchiono, G., Malaspina, N., Harris, K., & Wood, E. (2017). Earthquakes as precursors of ductile shear zones in the dry 
and strong lower crust. Geochemistry, Geophysics, Geosystems, 18, 4356–4374. https://doi.org/10.1002/2017GC007189
Moecher, D., & Steltenpohl, M. (2011). Petrological Evidence for Co-seismic Slip in Extending Middle–Lower Continental Crust: Heier's Zone 
of Pseudotachylyte, North Norway. Geological Society, London, Special Publications. https://doi.org/10.1144/SP359.10
Monsalve, G., Sheehan, A., Schulte-Pelkum, V., Rajaure, S., Pandey, M. R., & Wu, F. (2006). Seismicity and one-dimensional velocity 
structure of the Himalayan collisions zone: Earthquakes in the crust and upper mantle. Journal of Geophysical Research, 111. https://
doi.org/10.1029/2005JB004062
Mulibo, G., & Nyblade, A. (2016). The seismotectonics of Southeastern Tanzania: Implications for the propagation of the eastern branch 





Muluneh, A., Brune, S., Illsey-Kemp, F., Corti, G., Keir, D., Glerum, A., et  al. (2020). Mechanism for deep crustal seismicity: In-
sight from modeling of deformation processes at the Main Ethiopian Rift. Geochemistry, Geophysics, Geosystems, 21. https://doi.
org/10.1029/2020GC008935
Nguuri, T. K., Gore, J., James, D. E., Webb, S. J., Wright, C., & Zengeni, T. G., et al. (2001). Crustal structure beneath southern Africa and 
its implications for the formation and evolution of the Kaapvaal and Zimbabwe cratons. Geophysical Research Letters, 28, 2501–2504. 
https://doi.org/10.1029/2000GL012587
Oliva, S., Ebinger, C., Wauthier, C., Muirhead, J., Roecker, S., Rivalta, E., & Heimann, S. (2019). Insights into fault-magma interactions in 
an early-stage continental rift from source mechanisms and correlated volcano-tectonic earthquakes. Geophysical Research Letters, 46, 
2065–2074. https://doi.org/10.1029/2018GL080866
Plasman, M., Tiberi, C., Ebinger, C., Gautier, S., Albaric, J., Peyrat, S., et al. (2017). Lithospheric low-velocity zones associated with a mag-
matic segment of the Tanzanian Rift, East Africa. Geophysical Journal International, 210, 465–481. https://doi.org/10.1093/gji/ggx177
Priestley, K., McKenzie, D., Debayle, E., & Pilidou, S. (2008). The African upper mantle and its relationship to tectonics and surface geolo-
gy. Geophysical Journal International, 175, 1108–1126. https://doi.org/10.1111/j.1365-246X.2008.03951.x
Priestley, K., McKenzie, D., & Ho, T. (2018). A lithosphere asthenosphere boundarya global model derived from multimode surface-wave 
tomography and petrology. In Lithospheric discontinuities. (pp. 111–123). American Geophysical Union (AGU). Retrieved from https://
doi.org/10.1002/9781119249740.ch6
Reyners, M., Eberhart-Phillips, D., & Stuart, G. (2007). The role of fluids in lower-crustal earthquakes near continental rifts. Nature, 446, 
1075–1078. https://doi.org/10.1038/nature05743
Scholz, C. H., & Contreras, J. C. (1998). Mechanics of continental rift architecture. Geology, 26, 967–970. https://doi.org/10.1130/0091-76
13(1998)026<0967:MOCRA>2.3.CO
Schulte-Pelkum, V., Monsalve, G., Sheehan, A., Shearer, P., Wu, F., & Rajaure, S. (2019). Mantle earthquakes in the Himalayan collision 
zone. Geology, 47, 815–819. https://doi.org/10.1130/G46378.1
Shudofsky, G. N., Cloetingh, S., Stein, S., & Wortel, R. (1987). Unusually deep earthquakes in East Africa: Constraints on the thermo-me-
chanical structure of a continental rift system. Geophysical Research Letters, 14, 741–744. https://doi.org/10.1029/GL014i007p00741
Sloan, R. A., & Jackson, J. (2012). Upper-mantle earthquakes beneath the Arafura Sea and south Aru Trough: Implications for continental 
rheology. Journal of Geophysical Research, 117. https://doi.org/10.1029/2011JB008992
Sloan, R. A., Jackson, J. A., McKenzie, D., & Priestley, K. (2011). Earthquake depth distribution in central Asia, and their relations with 
lithosphere thickness, shortening and extension. Geophysical Journal International. https://doi.org/10.1111/j.1365-246X.2010.04882.x
Stuart, G., Bastow, I., & Ebinger, C. (2006). Crustal structure of the northern Main Ethiopian Rift from receiver function studies. In G. 
Yirgu, C. Ebinger, & P. Maguire, Eds., The afar volcanic province within the east African rift system(pp. 253–267). Geological Society 
of London.
Tugume, F., & Nyblade, A. A. (2009). The depth distribution of seismicity at the northern end of the Rwenzori mountains: Implications 
for heat flow in the western branch of the East African Rift System in Uganda. South African Journal of Geology, 112, 261–276. https://
doi.org/10.2113/gssajg.112.3-4.261
Tugume, F., Nyblade, A., & Juliìa, J. (2012). Moho depths and Poisson's ratios of Precambrian crust in East Arica: Evidence for similarities 
in Archean and Proterozoic crustal structure. Earth and Planetary Science Letters, 355, 73–81. https://doi.org/10.1016/j/epsl.2012.08.041
Wadge, G., Biggs, J., Lloyd, R., & Kendall, J. (2016). Historical Volcanism and the State of Stress in the East African Rift System. Frontiers 
of Earth Science, 4. https://doi.org/10.3389/feart.2016.00086
Weinstein, A., Oliva, S., Ebinger, C., Roecker, S., Tiberi, C., Aman, M., et al. (2017). Fault-magma interactions during early continen-
tal rifting: Seismicity of the Magadi-Natron-Manyara basins, Africa. Geochemistry, Geophysics, Geosystems, 18, 3662–3686. https://doi.
org/10.1002/2017GC007027
Wex, S., Mancktelow, N., Hawemann, F., Camacho, A., & Pennachhioni, G. (2018). Inverted distribution of ductile deformation in the rel-
atively “dry” middle crust across the Woodroffe Thrust, central Australia. Solid Earth, 9, 859–878. https://doi.org/10.5194/se-9-859-2018
Wölbern, I., Rümpker, G., Schumann, A., & Muwanga, A. (2010). Crustal thinning beneath the Rwenzori region, Albertine rift, Uganda, 
from receiver-function analysis. International Journal of Earth Sciences, 99, 1545–1557. https://doi.org/10.1007/s00531*009-0509-2
Yang, Z., & Chen, W.-P. (2010). Earthquakes along the East African Rift System: A multi-scale, system-wide perspective. Journal of Geo-
physical Research, 115. https://doi.org/10.1029/2009JB006779
Young, P. A. V., Maguire, P. K. H., d'A. Laffoley, N., & Evans, J. R. (1991). Implications of the distribution of seismicity near Lake Bogoria in 
the Kenya rift. Geophysical Journal International, 105, 665–674. https://doi.org/10.1111/j.1365-246X.1991.tb00804.x
Zwick, P., McCaffrey, R., & Abers, G. (1994). MT5 Program. IASPEI Software Library.
CRAIG AND JACKSON
10.1029/2020JB020754
15 of 15
